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Impedance measurements 
 
The potential range for the impedance measurements in Fe(CN)6
3-/4-
 were collected in 
the frequency range of 20 kHz to 20 Hz at a sinusoidal wave amplitude of 10 mV, with an 
electrode bias of 0.0 to 0.6 V vs. Fe(CN)6
3-/4-
 in the dark.  The impedance measurements were 
fit with a circuit consisting of a resistor in series with an additional component consisting of a 
resistor and a capacitor in parallel. The capacitance determined from the impedance 
measurements was attributed to the differential capacitance of the depletion-region of the 
semiconductor, and the voltage dependence was analyzed with the Mott-Schottky 
relationship: 
 
where Cd
-2
 is the differential capacitance, q is the unsigned charge of an electron, A is the 
electrode area, ε0 is the vacuum permittivity, εr is the relative permittivity of Si or SnOx, Nd is 
the donor impurity concentration of Si or SnOx, Vapp is the potential difference relatve to 
E(Fe(CN)6
3-/4-
) in the dark, Vbi is the built-in voltage, and T is the absolute temperature of the 
device during testing. The slope of the Mott-Schottky plot was used to determine Nd for each 
electrode, which agreed with the dopant density expected for Si wafers with 0.1 – 1.0 Ω cm 
resistivity and predicted a resistivity within ±0.3 Ω cm of the resistivity determined by four-
point probe measurements. The Fermi level position for Si relative to the Si conduction band 
minimum was determined using the following relationship: 
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where EC is the energy of the conduction band minimum for Silicon, EF is the Fermi level 
position, and Nc is the effective density of states in the conduction band. The barrier height 
(ϕB) was determined with the following relationship: 
 
For photoelectrochemical experiments, illumination was provided by a 50 W ENH-
type W-halogen lamp.  The light passed through a 4 cm diameter x 7 cm long metallic tube 
and was directed to the photoelectrode surface using a mirror tilted at 45 degrees.  The light 
intensity was adjusted prior to addition of electrolyte to the electrochemical cell, by 
measuring the photocurrent of a calibrated Si diode (FDS100, Thor Labs) placed in the same 
position as the photoelectrode.  The photocurrent of the calibrated Si diode was determined at 
100 mW cm
-2
 illumination with a calibrated solar simulator (Sun 3000 Solar Simulator, 
ABET Technologies). 
 
Supporting Figures 
 
 
 
Figure S1. X-ray diffraction pattern for SnOx film prepared at a deposition temperature of 
400 °C on a Si(100) substrate.  The diffraction peaks were indexed to a reference pattern of 
SnO2.
[1]
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Figure S2. (a) Electron diffraction pattern of n-Si/SiOx/SnOx interface collected at an 
accelerating voltage of 300 kV.  (b) Dark-field image of n-Si/SiOx/SnOx collected with a 10 
μm selective area diffraction aperture centered on the SnO2 (002) diffraction ring. (c) 
Scanning-electron microscopy image of n-Si/SiOx/SnOx surface. 
 
   
Figure S3. J-E behavior of n-Si/SiOx/SnOx electrodes made with 0.45 Ω-cm Si and coated 
with ~ 2 nm Pt in contact with a one-electron Fe(CN)6
3-/4-
 redox couple in 0.50 M KCl(aq).  
(a) J-E behavior of n-Si/SiOx/SnOx/Pt electrodes under 100 mW cm
-2
 of simulated solar 
illumination.  (b) Open-circuit voltage of n-Si/SiOx/SnOx/Pt electrodes under 100 mW cm
-2
 of 
simulated solar illumination of as a function of substrate temperature during SnOx deposition.  
(c) Mott-Schottky plot of the inverse square of the differential capacitance (Cd
-2
) of the 
electrode, as determined from impedance measurements, vs applied potential for n-
Si/SiOx/SnOx/Pt electrodes in the dark. Barrier height values were obtained from the values of 
the built-in voltage and dopant concentrations determined from the Mott-Schottky plots. The 
deduced Nd values are shown in the figure legend, and are within the range expected for 0.1-
1.0 Ω-cm resistivity Si wafers. 
 
    
Figure S4. (a) Short-circuit current density and photovoltage obtained for n-Si/SiOx/SnOx/Pt 
photoelectrodes in contact with Fe(CN)6
3-/4-
 in 0.50 M KCl(aq) under simulated solar 
illumination attenuated with neutral density filters to obtain an irradiance in the range of 0.2 – 
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200 mW cm
-2
. (b) Voltammetry in contact with Fe(CN)6
3-/4-
(aq) of p
+
-Si/SiOx/SnOx electrodes 
metallized with 2 nm Ni, 1 nm Ir, or 1 nm Pt. (c) Representative Cd
-2
 vs E plot for p+-
Si/SiOx/SnOx electrodes metallized with 2 nm Ni, 1 nm Ir, or 1 nm Pt in the dark. Data points 
for Pt and Ir metallized electrodes overlap. 
 
 
Figure S5. Optical reflectivity at normal incidence of an n-Si(100) wafer coated with ~1.5 nm 
SiOx formed via chemical oxidation and of n-Si/SiOx coated with ~ 100 nm SnOx deposited at 
400 °C. 
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Figure S6. Photoelectrochemical behavior of n-Si/SiOx/SnOx and p
+
-Si/SiOx/SnOx electrodes 
towards water oxidation under 100 mW cm
-2
 of simulated solar illumination. (a) 
Photoelectrodes with 1 nm Ir or Pt in contact with 1.0 M H2SO4(aq).  (b) Stability of 
photoelectrodes coated with 2 nm Ni in contact with 1.0 M KOH(aq) at 1.51 V vs. RHE and 
with 1 nm Pt in contact with 1.0 M H2SO4(aq) at 2.04 V vs. RHE. (c) Stability of 
photoelectrodes coated with 1 nm Ir or Pt/IrOx in contact with 1.0 M H2SO4(aq) at 1.54 V vs. 
RHE. (d) Photoelectrodes with Ni in contact with 1.0 M KOH(aq) and 1 nm Ir, Pt, or Pt/IrOx 
in contact with 1.0 M H2SO4(aq) after stability experiments. 
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Figure S7. Scanning-electron microscopy images of n-Si/SiOx/SnOx photoelectrodes before 
and after electrochemical operation.  (a) n-Si/SiOx/SnOx/Ni (b) n-Si/SiOx/SnOx/Ir, (c) n-
Si/SiOx/SnOx/Pt, (d) n-Si/SiOx/SnOx/Ni after 25 h in 1.0 M KOH(aq) at 1.51 V vs. RHE, (e) 
n-Si/SiOx/SnOx/Ir after 3 h in 1.0 M H2SO4(aq) at 1.54 V vs. RHE, (f) n-Si/SiOx/SnOx/Pt after 
12 h in 1.0 M H2SO4(aq) at 2.04 V vs. RHE. 
 
   
Figure S8. Chemical characterization of n-Si/SiOx/SnOx photoanodes.  (a) High-resolution 
XPS spectra in the Pt 4f region of n-Si/SiOx/SnOx/Pt photoanodes before and after 
electrochemical operation in 1.0 M H2SO4(aq).  (b) High-resolution XPS spectra in the Sn 3d 
region of n-Si/SiOx/SnOx and n-Si/SiOx/SnOx/Pt photoanodes before and after 
electrochemical operation in 1.0 M H2SO4(aq).  (c) High-resolution XPS spectra in the O 1s 
region of n-Si/SiOx/SnOx with 2 nm Ni, 1 nm Ir, or 2 nm Pt coatings before electrochemical 
operation in 1.0 M KOH(aq) for Ni and in 1.0 M H2SO4(aq) for Ir and Pt.  All spectra were 
normalized so that the integrated Sn 3d7/5 signal was the same for all samples. 
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Figure S9. Scanning-electron microscopy images of n-Si/SiOx/SnOx photoelectrodes with 
patterned 100 – 130 nm thick (a) Ni, (b) Ir, or (c) Pt microdisk metallic arrays.  The 3x3 array 
consisted of metallic circles that obstructed ~ 9% of the area, with SnOx exposed on the 
remaining area. 
 
 
 
Figure S10. (a) Photoelectrochemical behavior of n-Si/SiOx/SnOx electrodes prepared at 
400 °C with 100–130 nm thick Ni, Ir, or Pt microdisk arrays in contact with Fe(CN)6
3-/4-
  in 
0.50 M KCl(aq) under 100 mW cm
-2
 of simulated solar illumination.  (b) 
Photoelectrochemical behavior of n-Si/SiOx/SnOx towards water oxidation with 100–130 nm 
thick Ni, Ir, or Pt microdisk arrays patterned to cover ~ 9% of the electrode area, or 2 nm 
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thick Pt coating with drop-casted IrO2 particles.  Ni-covered electrodes were in contact with 
1.0 M KOH(aq), and Ir- or Pt-covered electrodes were in contact with 1.0 M H2SO4(aq).  (c) 
Photocurrent stability under 100 mW cm
-2
 of simulated solar illumination of n-Si/SiOx/SnOx 
electrodes coated μIr in contact with 1.0 M H2SO4(aq) at 1.54 V vs. RHE. (d) Photocurrent 
stability under 100 mW cm
-2
 of simulated solar illumination of n-Si/SiOx/SnOx electrodes 
coated with μPt in contact with 1.0 M H2SO4(aq) at 2.04 V vs. RHE, or coated with 2 nm 
thick Pt with drop-casted IrO2 particles in contact with 1.0 M H2SO4(aq) at 1.54 V Vs. RHE. 
 
  
 
Figure S11. (a) J-E behavior of n-Si/SiOx/SnOx/μNi electrodes in 1.0 M KOH(aq) under 100 
mW cm
-2
 of simulated solar illumination before electrodeposition of NiFeOOH, after 
electrodeposition of NiFeOOH, and after removal of excess catalyst via sonication.  (b) J-E 
behavior of n-Si/SiOx/SnOx/μPt electrodes in 1.0 M H2SO4(aq) under 100 mW cm
-2
 of 
simulated solar illumination before electrodeposition of Pt, after electrodeposition of Pt, and 
after removal of excess catalyst via sonication. (c) Equivalent nm of SnO2 detected in the 
electrolyte during polarization of a p
+
-Si/SiOx/SnOx electrode at η = 300 mV in 1.0 M 
KOH(aq) or 1.0 M H2SO4(aq). (d) Comparison between the O2(g) production measured via an 
eudiometer and the O2(g) production calculated assuming 100% faradaic efficiency for water 
oxidation in 1.0 M KOH(aq), for n-Si/SiOx/SnOx electrodes coated with Ni microdisk arrays 
under 100 mW cm
-2
 of simulated sunlight.  O2(g) was generated with a chronopotentiometric 
current of 10 mA. 
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Figure S12. Band diagram of n-type Si, bulk n-type SnO, bulk n-type SnO2, and surface of 
the SnOx films studied in this work.  The Si band edges and Fermi level position displayed in 
this figure are equal to the energetics of the n-type Si used in this work. The band edges of 
bulk SnO and SnO2 are from a previous report.
[2]
 Surface properties of SnOx were determined 
from experiments in Figure S3. 
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Table S1.  Photoelectrochemical properties of n-Si/SiOx/SnOx/M devices with a Fe(CN)6
4-/3-
 
redox couple. 
 
Device Wafer 
Resistivity 
Metal 
Thickness 
Deposition 
Temperature 
Photovoltage Barrier 
Height 
 [Ω-cm] [nm] [°C] [mV] [eV] 
n-Si/SiOx/SnOx/Pt 0.45 2 350 384 0.98 
n-Si/SiOx/SnOx/Pt 0.45 2 450 445 0.97 
n-Si/SiOx/SnOx/Pt 0.45 2 400 595 1.00 
n-Si/SnOx/Pt 0.45 2 400 525 - 
n-Si/SiOx/SnOx 0.21 0 400 620 1.07 
n-Si/SiOx/SnOx/Ni 0.21 2 400 606 1.03 
n-Si/SiOx/SnOx/Ir 0.21 1 400 605 0.99 
n-Si/SiOx/SnOx/Pt 0.21 1 400 612 1.02 
n-Si/SiOx/SnOx/μNi 0.21 100-130 400 601 - 
n-Si/SiOx/SnOx/μIr 0.21 100-130 400 596 - 
n-Si/SiOx/SnOx/μPt 0.21 100-130 400 610 - 
 
 
Table S2.  Photoelectrochemical water oxidation properties of n-Si/SiOx/SnOx/M and p
+
-
Si/SiOx/SnOx/M devices in 1.0 M KOH(aq) or 1.0 M H2SO4(aq). 
 
Catalyst Electrolyte ηlight 
(n-Si) 
ηdark 
(p
+
-Si) 
Photovoltage 
(ηdark - ηlight) 
Lifetime 
(n-Si) 
 [1.0 M] [mV] [mV] [mV] [hr] 
Ni KOH(aq) -318 287 605 >25 
μNi KOH(aq) -283 - - - 
μNi/e-NiFeOOH KOH(aq) -351 - - >100 
Pt/IrOx H2SO4(aq) -322 272 594 <10
-3
 
Pt/IrO2 H2SO4(aq) -269 - - >5 
Ir H2SO4(aq) -187 400 587 <10
-3
 
μIr H2SO4(aq) -159 - - <10
-3
 
Pt H2SO4(aq) 58 719 661 >2 
μPt H2SO4(aq) 181 - - >30 
μPt/e-Pt H2SO4(aq) 8 - - >100 
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